The effect of surface structural damage on graphitic anodes, commonly observed in tested Li-ion cells, was investigated. Similar surface structural disorder was artificially induced in Mag-10 synthetic graphite anodes using argon-ion sputtering. Raman microscopy, scanning electron microscopy (SEM) and Brunauer Emmett Teller (BET) measurements confirmed that Ar-ion sputtered Mag-10 electrodes display similar degree of surface degradation as the anodes from tested Li-ion cells. Artificially modified Mag-10 anodes showed double the irreversible charge capacity during the first formation cycle, compared to fresh un-altered anodes. Impedance spectroscopy and Fourier transform infrared (FTIR) spectroscopy on surface modified graphite anodes indicated the formation of a thicker and slightly more resistive SEI layer. Gas for the surface modified electrode with no evidence of elevated M w species for the unmodified electrode. The structural disorder induced in the graphite during long-term cycling maybe responsible for the slow and continuous SEI layer reformation, and consequently, the loss of reversible capacity due to the shift of lithium inventory in cycled Li-ion cells.
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The surface structural damage of the graphitic anode, which is commonly observed in anodes from tested Li-ion cells, does not change the reversible charge capacity of the graphite. However, it may modify the physical and chemical properties of the SEI layer, and affect significantly lithium-ion cell long-term behaviour. In this study we investigate the effect of the surface structural damage in graphite on the electrochemical performance of the graphite-based anodes. Surface structural disorder in model graphite anodes was artificially recreated using argon-ion sputtering. A diagnostic evaluation of these surface-modified model anodes in the Li-ion system is carried out and possible implications for Li-ion cell degradation mechanism are discussed.
Experimental
Thin-film Mag-10 composite anodes (graphite 92%, polyvinyldenedifluoride (PVdF) 8%, (loading 10 mg cm -2 )) were produced from N-methyl pyridine (NMP) slurry coated onto a Cu foil. Argon-ion sputtering was used to artificially induce disorder on the surface graphite particles of the electrode. The graphite electrode was used as a target in the sputtering chamber (Cool Sputter Coater, BAL-TEC); the reactor was flushed several times with Ar and evacuated to 3*10 -3 Torr. Sputtering of the anode was carried out at various time intervals at a constant current density of 2 mA cm -2 .
The surface structure of un-altered and sputtered graphite in composite Mag-10 anodes was analyzed by Raman microscopy (Labram, ISA Groupe Horiba) with laser excitation wavelength 632.8 nm at 1 mW power at the sample. Raman maps consisting of 5400
individual points over an area of 48 x 74 µm were collected in autofocus mode with a spatial resolution of ca. 0.7 µm. The surface morphology was characterised by scanning electron microscopy (SEM, S-4300 SE/N, Hitachi).
The surface area of un-altered and sputtered Mag-10 graphite samples was determined by
Brunauer Emmett Teller (BET) nitrogen gas adsorption measurements (2375 Gemini, Micrometrics) at 77 K. The samples consisted of 700 mg graphite disks of 2 mm thickness and ca. 50 mm diameter, which were pressed at 103 MPa using a stainless steel die. The graphite discs were sputtered for either 120 or 1800 s, and then broken up into a powder and dried at 300 o C under a flow of argon for 3 hours prior to the BET measurements.
All electrochemical measurements were carried out at room temperature ( and C/25 corresponds to a current allowing a full discharge in 25 hours).
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Mag-10 graphite electrodes were cycled at C/25 from open circuit potential ca. 3.0 V vs.
Li/Li + (first scan) to 0.01 V and then between 1.0 V and 0.01 V for a total of three cycles.
At the end of the third charge scan of the Mag-10 anodes, electrochemical impedance spectra were measured over a frequency range of 10 mHz to 50 kHz at 0.05 V (Femtostat, Gamry Instruments). After the third discharge scan the anodes were removed from the beaker cell, washed with dry DMC to remove any remaining residual EC and LiPF 6 , and dried in the glove box. The electrodes were placed in an air-tight spectroscopic cell equipped with a KBr optical window. The SEI layer formed on the electrochemically Materials of higher molecular weight were characterised by gel permeation chromatography (GPC) using an Agilent 1100 Series HPLC equipped with a refractive index detector. A PLgel 5 µm miniMIX-C 250 x 4.6 mm column was employed with DMF eluent and calibrated by using polyethylene oxide (PEO) standard samples in DMF with molecular weights ranging from 400 to 997000 g mol -1 .
Results
The structure and morphology of the sputtered Mag-10 anodes were studied and shows a much higher surface density of small graphene zones with irregularly shaped edges. The Ar-ion bombardment knocked out carbon atoms from the hexagonal lattice of the surface graphene sheets and created local shallow structural disorder. Interestingly, the carbon etching appears highly non-uniform and tends to break large surface graphene sheets into smaller domains. Nevertheless Ar-ion bombardment, for this short time scale and low current density, did not cause graphite particle breakdown. No evidence of deepetching or exfoliation of the graphene layers was found, as it is often observed during exposure of graphitic carbons to short high-intensity pulse ion beams.
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Brunauer Emmett Teller (BET) comparative measurements of the un-altered and sputtered Mag-10 graphite powders reveal that Ar-ion bombardment induces no significant variation in surface area, even after a prolonged sputtering for 1800 s ( Table   1 ). The SEM pictures of the sputtered Mag-10 electrodes indicate higher content of 8 surface edge sites. No significant surface area increase, as determined by the BET measurement, confirms that no exfoliation or graphite particle breakdown occurred during sputtering. 12 The Raman spectra of un-altered and sputtered anodes are shown in Figure 2a . The spectra exhibit two intense peaks assigned to the G-and D-band at 1580 and 1330 cm
that correspond respectively to the E 2g2 and A 1g carbon vibrational modes. 13 The G-band is the only apparent Raman active mode of the infinite lattice (there is another band, E 2g1
at 42 cm -1 , however its proximity to the Rayleigh line makes it difficult to observe). The G-band results from the relative motion of sp 2 carbon atoms in rings, as well as in chains.
14 The D-band is associated with the breakage of symmetry occurring at point defects and at the edges of the graphene sheets, 15 and is attributed to the breathing motion of sp 2 carbon six member rings. A small shoulder on the G-band at 1610 cm -1 is known as the D'-band and is also attributed to discontinuity and disorder within graphene plane.
The exact origin of this band is still under discussion but it is believed to arise from a relaxation of the q = 0 selection rule, which allows higher frequency phonons to become Raman active, as phonons disperse upwards away from Γ in the first Brillouin zone of graphite. 14, 16, 17 The D-band to G-band integrated area ratio (I D /I G ) is often used as a parameter for evaluating carbon structural properties. 3, 4 The increased intensity of the D-band relative to the G-band is typically associated with (a) higher content of disordered carbon and/or (b) decrease of the graphite crystallite size in the a direction (L a ). 
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Raman measurements reveal a striking similarity of the surface structure disorder of Arion sputtered Mag-10 electrodes and Mag-10 anodes from tested Li-ion cells. 3 The average surface disorder of the Mag-10 electrode sputtered for 120 s corresponds exactly to the structural damage observed in Mag-10 anodes removed from tested Li-ion cells, which suffered severe power and capacity loss. 18 Interestingly, Raman maps of the I D /I G ratio of the Mag-10 graphite anodes from tested Li-ion cells show a non-uniform surface structural degradation pattern, which is nearly identical to the Ar-ion sputtered electrodes.
Thus, we postulate that using argon-ion sputtering we were able to re-create the type and degree of surface structural disorder observed in graphitic anodes from tested Li-ion cells.
The first galvanostatic charge and discharge scans of the un-altered and sputtered Mag-10 anodes are shown in V. 19, 20 The SEI inhibits further electrolyte decomposition but allows the transfer of lithium-ions from the electrolyte into the graphite. 12, 21 The small amount of charge consumed at potentials above 1.0 V is mainly associated with the reduction of surface groups, as well as lithium salt decomposition. 22 This effect is more pronounced for the sputtered electrode and is likely associated with the higher surface density of oxygen-rich surface groups which formed upon exposure of the freshly sputtered Mag-10 anode to the air.
The first charge for un-altered and sputtered Mag-10 anodes consumed ca. 400 and 530
Ah kg -1 , correspondingly. The sputtering process did not affect the reversible charge capacity (q' rev ) of the electrode (~350 Ah kg -1 ), which is close to the theoretical value for graphite of 372 Ah kg -1 . However, the irreversible capacity loss q irr increased from 18 ± 1 for the un-altered electrode to 34 ± 10 % for 120s sputtered electrode where:
The induced structural disorder did not affect the bulk of the graphite, but altered significantly its surface reactivity and almost doubled the amount of irreversible charge consumed in the formation of the SEI. These results imply that similar processes can be expected to occur during prolonged cycling of graphite anodes, which gradually develop a similar degree of surface disorder.
Impedance spectra ( The observation of fragments of ethylene oxides, carbonate ethers as well as their numerous short and long chain combinations, denotes products of ester exchange reactions, 26, 34, 35, 36, 37 and ring-opening polymerisation of EC. 26, 38, 39 The latter is catalysed by acids or bases and is thermodynamically driven by the extrusion of CO 2 from the resulting polycarbonates. In this case, the reaction is base-catalysed by initial base formation at the freshly exposed electrode surfaces. The sputtered material surface contains more active sites which are likely to generate a higher concentration of base that catalyse the polymerisation and CO 2 extrusion, and promote formation of more carbonate ethers and PEO-type polymers with higher molecular weights.
Discussion
We postulate that the gradual disordering of the graphite anode during prolonged cycling leads to a continuous solid electrolyte interphase (SEI) layer reformation. Fragmentation of surface graphene planes exposes fresh carbon edge sites to the electrolyte, which react immediately to continuously reform the SEI. The charge consumed in this long-term irreversible process diminishes the amount of cycleable lithium in the cell and shifts the cathode to a higher state of charge, reducing the overall reversible capacity of the cell.
The mechanism of graphite disordering remains poorly understood, with only a couple of relevant studies present in the literature. 3, 4 Modelling studies 40 of spherical graphitic carbon demonstrated that charge/discharge rates above 4C can produce a stress in 5 µm particle big enough to surpass the tensile strength for some types of graphitic carbons. 41 It was also shown in this study that tensile strength is exceeded at rates above 16C for all types of graphitic carbons. Interestingly, SEM images of cycled Mag-10 anodes do not show any evidence of structural breakdown or particle fracture when compared to fresh un-altered electrodes. 18 However, taking into account the increased I D /I G ratios observed in the Raman spectra of graphitic anodes from tested Li-ion cells we conclude that the crystalline disorder in graphite anodes is limited to the surface of the particle and does not affect the bulk of the material. 3, 4 We believe that the local structural damage at the surface of the graphitic electrodes occurs because of non-uniform current density distribution within the graphite electrode. Differences in ionic and electronic resistance within the electrode and the SEI layer contribute to this effect. This causes some particles on the surface of the anode to operate at a higher charge/discharge rate, which may produce large Li concentration gradients within the crystalline structure of graphite, and eventually surpass tensile strength of graphene planes.
Conclusions
The effect of the surface structural damage on graphitic anodes commonly observed in 
